The role of neuropeptide Y Y2 receptor (Y2R) in human diseases such as obesity, mood disorders, and alcoholism could be better resolved by the use of small-molecule chemical probes that are substantially different from the currently available Y2R antagonist,
suggest that NPY is involved in mood disorders and in alcoholism (Wahlestedt et al., 1989; Thorsell et al., 2006) . In patients with major depression, several studies show that NPY levels in the central nervous system (CNS) are low and correlate inversely to anxiety (Widerlöv et al., 1988; Heilig, 2004; Nikisch et al., 2005) . In addition to major depressive disorders, human genetic studies show that polymorphisms in the NPY gene also associate with alcoholism (Wahlestedt et al., 1986; Zhu et al., 2003; Mottagui-Tabar et al., 2005) .
The NPY-Y2 receptor (Y2R) is located presynaptically on neurons and in part serves to negatively regulate neurotransmitter release in the brain (King et al., 1999) . Antagonism of Y2R would thus be expected to increase NPY levels in the CNS and may prove useful in treating certain psychiatric diseases. Consistent with this, Y2R-null mice demonstrate reduced anxiety-like behavior compared with wild type (Redrobe et al., 2003) . In addition, administration of the Y2R antagonist BIIE0246 decreased ethanol consumption in rats and induced antidepressant-like effects in mice (Rimondini et al., 2005) .
Few efforts have focused on developing Y2R antagonists, with only two selective Y2R antagonists being reported other than BIIE0246: the peptide ligand T4- 4 (Grouzmann et al., 1997) ; and the small molecule JNJ-5207787 (Bonaventure et al., 2004) . Small-molecule diamines have also been reported as Y2R ligands. However, these compounds have not been shown to be functionally active or selective for the Y2R (Andres et al., 2003) .
The most widely used Y2R antagonist, BIIE0246, is selective with high receptor affinity and is efficacious both in vitro and in vivo . However, there are significant drawbacks associated with this compound. For instance, it has been suggested that BIIE0246 behaves as an insurmountable antagonist (Dautzenberg and Neysari, 2005) , an undesirable trait for a probe or potential therapeutic agent, because this mode of inhibition might block the Y2R from further activation, which would lead to long-term loss of Y2R function. As a consequence, studies with BIIE0246 are limited to in vitro binding and functional determinations of Y2R activity. Furthermore, this peptidomimetic is big (molecular weight of 896) with a large polar surface area (219 Å 2 ), and both of these factors contribute to poor brain penetration. For example, experiments performed in vivo require direct injection of BIIE0246 to the desired site (Abbott et al., 2005; Rimondini et al., 2005) . Similar challenges exist for the studies involving peptides such as T4- 4 . In contrast, the small molecule JNJ-5207787 has improved properties over T4- 4 and BIIE0246. For example, ex vivo receptor autoradiography studies reveal that JNJ-5207787 is able to cross the blood-brain barrier and occupy Y2R receptor binding sites (Bonaventure et al., 2004) . However, the lack of commercial availability of JNJ-520778 prevents further investigation into its pharmacology.
As a result of the drawbacks of current antagonists, there is a need to identify brain-penetrant Y2R antagonists to better define the role of the receptor in the CNS. This report presents five novel, selective, brain-penetrant small-molecule Y2R antagonists, discovered from a high-throughput screening (HTS) approach, that seem to have a different mechanism of action from BIIE0246 and are better suited for neuropharmacology studies.
Materials and Methods
Unless otherwise stated, reagents were purchased from commercial sources. The cAMP biosensor assay, ACTOne Membrane Potential assay kit, was purchased from BD Biosciences (Rockville, MD). Puromycin, Ro 20-1724, and isoproterenol were from Sigma-Aldrich (St. Louis, MO). Neuropeptide Y was from American Peptide (Sunnyvale, CA). BIIE0246 and BIBP3226 were from Tocris Bioscience (Ellisville, MO). Human liver microsomes were from Xenotech (Lenexa, KS). Black, clear-bottomed 1536-well tissue culture-treated microtiter plates were from Greiner Bio-One (Longwood, FL). The National Institutes of Health Molecular Libraries Small-Molecule Repository (MLSMR, San Francisco, CA) provided compound collections (dissolved at concentrations up to 10 mM in DMSO) for the primary and follow-up assays. For dose-response assays, compounds were provided by the MLSMR or were ordered as powders and prepared as 10 mM stock solutions in DMSO.
For studies involving powders, the compounds SF-11, SF-21, and SF-22 were obtained from ChemBridge (San Diego, CA). The compounds SF-31 and SF-41 were purchased from Chemical Diversity (San Diego, CA) and Specs (Delft, Holland), respectively. Reference and ordering information for all compounds can be obtained from PubChem (available at http://pubchem.ncbi.nlm.nih.gov/) by conducting queries with the following substance identifiers (SIDs): SF-11, SID 17507305; SF-12, SID 17431723; SF-13, SID 56365809; SF-14, SID 17433143; SF-15, SID 17505667; SF-16, SID 56365810; SF-21, SID 17413392; SF-22, SID 17413034; SF-23, SID 56365811; SF-24, SID 17412946; SF-31, SID 4242079; SF-32, SID 4255014; SF-33, SID 14736723; SF-34, SID 56365812; SF-35, SID 4241999; SF-36, SID 56365813; SF-37, SID 4246387; SF-38, SID 4244380; SF-39, SID 14731189; SF-41, SID 22413249; and SF-42, SID 22413387 .
Cell Culture. The cAMP biosensor assay cell lines were purchased from BD Biosciences as human embryonic kidney (HEK) 293 methyl]piperidine-1-carbothioamide; methyl]-N-(4-methoxyphenyl)piperidine-1-carbothioamide; methyl]piperidine-1-carbothioamide; methyl]piperidine-1-carbothioamide; SF-15, 5-dimethoxyphenyl)-4-[hydroxy(diphenyl)methyl]piperidine-1-carbothioamide; methyl]piperidine-1-carbothioamide; sulfamoyl]-N-(2-phenylphenyl)benzamide; amino]sulfonyl}-4-methylbenzamide; SF-23, 4-methyl-N-(2-phenylphenyl)-3-(phenylsulfamoyl)benzamide; sulfamoyl]-N-(2-phenylphenyl)benzamide; SF-31, 2-(2-methoxyphenyl)-N- [4-[5-(3-methoxyphenyl)-1,2,4-oxadiazol-3-yl] phenyl]acetamide; 2, 2, phenyl]-2-(2-methoxyphenyl)acetamide; 2, phenyl]-2-(4-methoxyphenyl)acetamide; 2, phenyl]-2-(2-methoxyphenyl)acetamide; 4, 2, phenyl]acetamide; 2, phenyl]acetamide; 2, phenyl]-2-(4-methoxyphenyl)acetamide; 3, sulfonyl-phenylmethyl]-1,2-oxazole; methyl]-3,5-dimethyl-1,2-oxazole; Ro 20-1724, 4-[(3-butoxy-4-methoxyphenyl 
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by guest on February 15, 2012 molpharm.aspetjournals.org cells stably expressing a cyclic nucleotide-gated (CNG) channel and either Y2R or Y1R. Cells were cultured in T-175-cm 2 flasks at 37°C and 95% relative humidity. Cells were plated and maintained in growth medium consisting of Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 25 mM HEPES, 5 mM L-glutamine, 250 g/ml G418 (Geneticin), 1 g/ml puromycin, and 1% antibiotic mix containing penicillin, streptomycin, and neomycin.
Primary HTS of the MLSMR Compound Collection. As part of the Molecular Libraries Probe Production Network (MLPCN; available at http://mli.nih.gov/mli/) program, the HTS campaign was executed on the automated Kalypsys robotic platform located at the Scripps Research Institute Molecular Screening Center (Jupiter, FL). Screening results for the Y2R (PubChem AID, 793) and Y1R (PubChem AID, 1040) antagonist primary assays, and all subsequent assays within the HTS screening campaign have been deposited into the MLPCN database PubChem. It is important to note that the MLSMR is constantly adding and removing compounds from the MLPCN screening library, and a net of ϳ50,000 compounds was added to the library between the Y2R and Y1R primary screens. Both primary assays were screened against the full MLPCN screening library, which consisted of either 140,094 (Y2R assay) or 196,180 compounds (Y1R assay).
Y2R Primary Campaign Protocol. For Y2R HTS assays, HEK293-CNG cells were diluted in growth medium and dispensed into 1536-well black-walled, clear-bottomed plates (final concentration, 3750 cells/well) and allowed to incubate for 24 h at 37°C. Next, a 4.5ϫ concentrated membrane potential dye, prepared according to manufacturer's instructions, was dispensed into each well. An initial fluorescent measurement (T 0 ) was performed (510-545 nm excitation and 565-625 nm emission), with the use of a FLIPR TETRA fluorescence reader (Molecular Devices, Sunnyvale, CA), after incubating of the cells for 3 h at room temperature. Test compounds (final concentration, 2.7 M), DMSO alone (final concentration, 0.27%), or BIIE0246 (final concentration, 1 M) was then added to sample or appropriate control wells, respectively. The cells were then challenged with NPY (final concentration, 100 nM), isoproterenol (freshly prepared; final concentration, 1 M) and the phosphodiesterase inhibitor Ro 20-1724 (final concentration, 25 M). The plates were incubated for 30 min at room temperature before the final fluorescence measurement (T 30 ) was taken, as described above.
Y1R Primary Campaign Protocol. The Y1R HTS screen was performed using a protocol similar to that used for Y2R, with the following exceptions: a total of 3600 cells/well were seeded into assay plates and allowed to grow for 24 h at 37°C. After the T 0 measurement, NPY (final concentration, 25 nM) was added to all wells, followed by the addition of test compounds (final concentration, 3.6 M) or DMSO to respective sample and control wells. Plates were incubated for 1 h at room temperature, followed by the addition of isoproterenol (freshly prepared; final concentration, 1 M) and Ro 20-1724 addition (final concentration, 25 M). After 45 min at room temperature, the final fluorescent measurement was performed (T 45 ).
Calculation of Antagonist Activity. The data from each campaign were normalized with the T 0 measurement by dividing the fluorescence at T 30 (for the Y2R) or T 45 (for the Y1R) by the initial basal fluorescence at T 0 . The percentage of inhibition for each compound was determined using calculated ratios on a per-plate basis as follows: % Inhibition ϭ 100 ⅐ [1 Ϫ ((Test Compound Ϫ High Control)/ (Low Control Ϫ High Control))], where Test Compound indicates the ratio of fluorescence of wells containing test compound, NPY, and isoproterenol. Low Control indicates the average ratio of fluorescence of wells containing DMSO, NPY, and isoproterenol. High Control indicates the average ratio of fluorescence of wells containing either Y2R antagonist (BIIE0246), NPY, and isoproterenol for the Y2R assays, or no NPY and isoproterenol for the Y1R assays.
HTS Hit Selection and Activity Cutoff Criteria. To determine the inhibitory compounds in each primary screen, two values were calculated: 1) the average percentage of inhibition of all compounds tested; and 2) three times their standard deviation (Hodder et al., 2003) . The sum of these two values was used as a cutoff parameter; any compound that exhibited greater percentage of inhibition than the cutoff value was considered active. ZЈ values were determined to monitor assay quality and were calculated as described previously (Zhang et al., 1999) . Assay plates were rejected and rerun if ZЈ was less than 0.5.
HTS Hit Confirmation and Counterscreening Assays. Test compounds active in the primary HTS campaign were subsequently confirmed using the same assay protocol and hit cutoff value as used in the primary campaign, except that compounds were tested in triplicate. All confirmation and counterscreen assay data have been uploaded to the PubChem website (AID 1257, Y2R hit confirmation; AID 1256, Y1R counterscreen).
Dose-Response Assays. The potency of compounds that passed confirmation and counterscreening was determined using dose-response assays, and IC 50 values were calculated from the resultant data. A 10-point dose-response curve with a 1:3 dilution series from 35 M to 1.8 nM was used, with compounds being tested in triplicate. Compounds exhibiting an IC 50 value less than 10 M were considered active. Dose-response counterscreens were also performed in Y1R cells to confirm that compounds identified as Y2R antagonists were selective (PubChem AID 1272, Y2R dose-response determinations; AID 1279, Y1R dose-response determinations).
Binding Assays. Whole-cell binding assays were performed as described previously (Brothers et al., 2006) . In brief, Y2R HEK293-CNG and Y1R HEK293-CNG cells were cultured and plated in growth medium as described above, except that 10 5 cells in 0.5 ml of growth medium were seeded in 24-well poly(D-lysine)-coated cell culture plates. After 24 h, cells were washed twice with a wash buffer consisting of 0.5 ml of Dulbecco's modified Eagle's medium/0.1% bovine serum albumin/10 mM HEPES. Next, a range of concentrations of each antagonist was added to the cells, followed by 20 nM 125 I-PYY (final concentration) in 0.25 ml in the same buffer. After incubation at room temperature for 60 min (Nikisch et al., 2005) , the supernatant was removed, the cells were washed twice and solubilized, and radioactivity of the lysate was determined. K i values from 125 I-PYY displacement were determined using a one-site competition binding model and the Cheng-Prusoff equation (Cheng and Prusoff, 1973) . A K d of 0.27 nM for 125 I-PYY as reported previously (Rose et al., 1995) and a concentration of 20 nM for 125 I-PYY in the competition binding experiments were used for K i determination.
Selectivity binding studies were conducted by the National Institute of Mental Health's Psychoactive Drug Screening Program (NIMH PDSP). Methodological details are available at the PDSP web site (http://pdsp.med.unc.edu/), where comprehensive protocols are described that are similar to those reported previously (Armbruster et al., 2007) .
Schild Analysis. A 12-point dose-response curve was performed in quadruplicate with the cAMP biosensor assay in 384-well plates for NPY (1:3 dilution series from 1 M to 6.6 pM) and in the presence of five different concentrations of BIIE0246 (1, 3, 10, 30, and 50 nM) or the five HTS lead compounds (100, 300, 1000, 3000, and 5000 nM). Identical with HTS assay protocols, agonist (NPY) and antagonists were administered simultaneously to Y2R HEK293-CNG cells. The EC 50 values for NPY at varying antagonist concentrations were used for Schild analysis.
Hepatic Microsomal Stability Assays. Microsome stability was evaluated by incubating 1 M compound with 2 mg/ml hepatic microsomes from either human, rat, or mouse in 100 mM potassium phosphate buffer, pH 7.4. The reactions were held at 37°C with continuous shaking. The reaction was initiated by adding NADPH (final concentration, 1 mM) and the final incubation volume was 300 l. Aliquots (40 l) were removed at 0, 3, 5, 10, 20, and 30 min and added to 160 l of acetonitrile containing an internal standard (propranolol) to stop the reaction and precipitate the protein. At the end of the assay, the samples were centrifuged through a 0.45-m filter plate (Solventer low-binding hydrophilic plates; Millipore Corporation, Billerica, MA) and analyzed by LC-MS/MS. The data were log-transformed, and results are reported as half-life.
Plasma Protein Binding Experiments. An ultracentrifugation method was used for the evaluation of plasma protein binding plasma (Nakai et al., 2004) . Plasma sample (1 ml with 1 M test compound) was prepared, and 900 l was transferred to a 2-ml polycarbonate ultracentrifuge tube. The sample was centrifuged at 400,000g for 2 h using an Optima Max ultracentrifuge (130,000 rpm maximum; Beckman Coulter, Fullerton, CA) with a TLA 120.2 rotor held at 25°C. The middle layer (2-3 mm below the surface using the described conditions) was used to determine the amount of unbound drug. The fraction of compound unbound to plasma proteins was determined using LC-MS/MS in comparison with the total amount of drug in the uncentrifuged sample.
Hepatic Clearance Calculations. In vitro intrinsic hepatic clearance was calculated from the microsomal incubation data using methods similar to those described previously (Lipscomb and Poet, 2008) . Specifically, the plasma protein binding data were combined with the results from the microsome stability experiments to predict the theoretical hepatic clearance and hepatic extraction ratio.
Brain Penetration Assays. Plasma and brain levels of the compounds were assessed in C57BL6 mice 30 min after dosing 10 mg/kg i.p. Samples were formulated at 2 mg/ml in 10:10:80 DMSO/Tween/ water. Blood was collected into EDTA-containing tubes at 30 min, and plasma was generated using standard centrifugation techniques. Brain samples were frozen upon collection, and all samples were stored at Ϫ80°C until analyzed. Brain tissue was not perfused before freezing to prevent diffusion of the compound out of the tissue during the process. Plasma samples were analyzed by treating 25 l of plasma with 125 l of acetonitrile containing an internal standard (propranolol) and filtering through a Millipore Multiscreen Solvinter 0.45-m low-binding polytetrafluoroethylene hydrophilic filter. The filtrate was analyzed by LC-MS/MS using an API Sciex 4000 (Applied Biosystems, Foster City, CA). Multiple reaction-monitoring methods were developed in positive-ion mode, and concentrations were determined using a standard curve between 2 and 2000 ng/ml. Samples with concentrations outside of the curve were diluted with blank plasma and reanalyzed. Similar conditions were used to determine brain levels, except the samples were weighed, and acetonitrile was added (10ϫ, weight by volume). The samples were sonicated to extract the compound from the brain matrix and then filtered as described above. A density of 1 g/ml was used to convert compound per milligram of tissue into molar equivalents.
Cell Viability Assays. Cytotoxicity assays were performed as described previously (Madoux et al., 2008) . Y2R HEK293-CNG cells were seeded at 500 cells/well in 1536-well plates in 5 l of growth medium. Compounds (in DMSO) prepared as 10-point, 1:3 serial dilutions and added to cells (highest final concentration, 99 M). Plates were then incubated for 72 h at 37°C. After incubation, 5 l of CellTiter-Glo (Promega, Madison, WI) was added to each well, and the plates were allowed to incubate for 15 min at room temperature. Luminescence was then measured (ViewLux plate reader; PerkinElmer Life and Analytical Sciences, Turku, Finland). Viability was calculated as a percentage relative to control cells treated with either DMSO alone (0% cytotoxicity) or 100 M doxorubicin (100% cytotoxicity).
Data Analysis and Statistics. Data were analyzed using MDL Assay Explorer (version 3.1; Symyx Software, Santa Clara, CA) or Prism (version 5.01; GraphPad Software Inc., San Diego, CA). Curvefitting and IC 50 determinations were performed using the variable slope sigmoidal dose-response analysis tool in Prism. K i values were determined using a one-site competition binding model. Replicates of at least three data points for each treatment group within an experiment were analyzed by unpaired, two-tailed t test or using one-way analysis of variance followed by Tukey's test. Schild nonlinear regression analysis was performed in Prism using the Gaddum/Schild EC 50 shift analysis tool. Statistical significance was ascertained by F test comparing the calculated Schild slope with a hypothetical Schild analysis with slope of unity.
Results
High-Throughput Screening Assay for NPY Receptor Antagonists. GPCRs that couple to the G␣ i signaling pathway, such as Y1R and Y2R, modulate intracellular cAMP concentrations via adenylate cyclase. Several HTScompatible assays may be used to measure G␣ i -coupled receptor activity, including use of GPCR-fluorescent fusion proteins (Milligan et al., 2004) , reporter genes (Doucette et al., 2009) , or measurement of cellular cAMP concentrations directly (Eglen, 2005) . For the research presented here, an HTS-compatible cell-based cAMP assay was used (Visegrády et al., 2007) . In this assay format, measurement of G␣ i protein-coupled receptor antagonism in mammalian cells is facilitated by the presence of a "cAMP biosensor" (i.e., a modified CNG channel). Activation of the CNG channel by cAMP results in membrane depolarization. Depolarization is detected using a fluorescent membrane potential dye.
In the NPY receptor cAMP biosensor assay protocols (Fig. 1) , isoproterenol, a ␤-adrenergic receptor agonist, was used to induce intracellular cAMP production and therefore membrane depolarization via the activated CNG channel. The addition of NPY receptor agonist, through inhibition of adenylate cyclase, inhibits the accumulation of cAMP induced by isoproterenol. As designed, an antagonist would be expected to block NPY-agonized receptor signaling, leading to increased cAMP levels, decreased membrane polarization, and consequently increased dye fluorescence.
Y2R Antagonist HTS Campaign. To identify selective Y2R antagonists via an HTS approach, Y2R and Y1R cAMP biosensor assays were developed in 1536-well plates in a total assay volume of 9 l/well. The assays used HEK cells expressing either the Y2R or the Y1R and the CNG channel (necessary to affect a membrane potential change). Experimental conditions were optimized to give the best balance between assay performance (determined by ZЈ factor), reagent consumption, and suitability of the protocol for roboticbased screening. Several parameters were optimized independently for the Y2R and Y1R antagonist assays such as cell number, NPY concentration, and assay incubation times (see Materials and Methods section for final conditions).
Parallel Counterscreen Outcomes and Hit Confirmation. As part of a MLPCN research effort (Lazo et al., 2007) , the Y2R cAMP biosensor assay was screened against a collection of 140,094 compounds from the MLSMR. All MLMSR compounds were tested for antagonism at a nominal concentration of 2.7 M. Compounds that antagonized Y2R activity greater than the 17.08% inhibition cutoff (determined from the mean response plus 3 standard deviations for the entire compound data set) were considered active ("hits"). A total of 1384 compounds met this cutoff for the Y2R antagonist campaign.
The Y1R cAMP biosensor assay was used as a parallel counterscreen during the Y2R screening campaign with the goal to streamline Y2R hit validation (Fig. 2) . Specifically, all compounds tested in the Y2R antagonist HTS assay were also tested in the Y1R antagonist HTS assay to remove cAMP biosensor assay-specific artifact and nonselective antagonists from further consideration. Of the 1384 compounds found active in the Y2R screen, 624 were also active in the Y1R screen. Removal of compounds found active in both assays left 760 potentially Y2R-selective antagonists. From this subset of compounds active in the Y2R assay, 707 compounds were available for further testing from the MLSMR. Fresh aliquots of these 707 compounds were retested at a single concentration (2.7 M) in triplicate using the same assay conditions as the original screen. A total of 228 of these compounds confirmed activity (i.e., inhibited Y2R activity greater than 17.08%). From these 228 confirmed hits, 123 were found to have significant activity when tested in triplicate at a single concentration (3.6 M) in the Y1R assay; these 123 compounds were not considered further.
As a final step in the Y2R screening campaign, 119 of 125 Y2R-selective compounds (with six unavailable from the MLSMR) were freshly prepared as 10-point titrations (1:3 serial dilutions from 35 M to 1.8 nM). Antagonism was evaluated over this concentration range in both the Y2R and the Y1R cAMP biosensor assays. From this set, 72 compounds antagonized the Y2R with an IC 50 value less than 10 M, whereas 74 compounds antagonized the Y1R with an IC 50 value less than 10 M (Fig. 3) .
Identification of Selective Y2R Antagonists. Any compound chosen for further follow-up studies was required to exhibit an IC 50 value of less than 5 M at Y2R and greater than 35 M at Y1R. Five compounds met or exceeded these criteria: SF-11, SF-21, SF-22, SF-31, and SF-41 (Fig. 3) . They fall into four chemotypes, classified as SF-1 through SF-4, representing piperidinecarbothioamide, arylsulfamoylbenzamide, aryl-1,2,4-oxadiazole, and arylsulfonylmethylisoxazole scaffolds, and are not structurally similar to the known Y2R antagonists BIIE0246 and JNJ-5207787. Molecular weight, partition coefficient (as logP), and polar surface area (PSA) were calculated for the five HTS-derived compounds as well as BIIE0246 (Table 1 ). The molecular weight of all five HTS-derived antagonists was less than 500; taken together, the logP and PSA values suggest that they are lipophilic and are likely to be cell membrane-permeable.
Fresh powders of all compounds were characterized by LC-MS and retested at the Y2R and the Y1R. All compounds confirmed antagonism in the Y2R assay with IC 50 values of less than 5 M, and in the case of SF-11, SF-21, and SF-22, the IC 50 values were less than 1 M (Fig. 4A) . For all compounds tested, the maximum inhibition observed was within 20% of that observed for the positive control (BIIE0246). Furthermore, four compounds (SF-11, SF-22, SF-31, and SF-41) were inactive in the Y1R assay even at the highest concentration tested (35 M; Fig. 4B ), whereas SF-21 exhibited minor but significant inhibition (10% at 35 M).
Y2R Antagonist Structure-Activity Relationship. As a first step in evaluating structure-activity relationships for the newly identified Y2R antagonists, 16 close analogs of the five antagonists were procured. All were then tested for IC 50 values in both the Y2R and Y1R cAMP biosensor assays (Table 2) . Although all 16 analogs demonstrated activity at the Y2R, none of the newly obtained compounds demonstrated improved potency compared with the antagonists derived from HTS efforts. In addition, four analogs belonging to the aryl-1,2,4-oxadiazole scaffold (SF-33, SF-34, SF-35, and SF-36) exhibited greater than 30% inhibition in the Y1R assay, with SF-34 being equipotent in both assays.
Assessment of Compound Cytotoxicity. All five HTSderived Y2R antagonists and their 16 structural analogs were tested as 10-point titrations (in the range 5 nM to 99 M) for their effect on the viability of Y2R-expressing HEK (Table 2) . After a 72-h incubation, the five compounds identified by HTS Radioligand displacement studies were used to measure the ability of SF-11, SF-21, SF-22, SF-31, or SF-41 to block agonist binding. These five compounds were titrated for eight-point dose-response curves (1:6 serial dilutions from 50 M to 1.8 pM), and radioligand displacement was evaluated over this concentration range in HEK cells expressing the Y2R or the Y1R. Calculations of K i values were performed using the Cheng-Prusoff model (Cheng and Prusoff, 1973 (Fig. 4C) . In contrast, none of the tested compounds significantly blocked 125 I-PYY binding in Y1R-expressing cells (Fig. 4D) .
Schild Analysis of BIIE0246-and Y2R-Selective Compounds. To investigate the molecular pharmacology of the Y2R antagonists, Schild analysis was performed on BIIE0246 and the five HTS leads using the Y2R cAMP biosensor assay. NPY was used as the challenge. From these experiments, the Schild slopes were 2.79 Ϯ 0.09 for BIIE0246, 0.79 Ϯ 0.03 for SF-11, 0.98 Ϯ 0.05 for SF-21, 1.3 Ϯ 0.1 for SF-22, 1.55 Ϯ 0.12 for SF-31, and 1.23 Ϯ 0.08 for SF-41 (see Supplementary Fig. 1) .
Metabolic Stability Experiments. The metabolic stability of SF-11, SF-21, SF-22, SF-31, and SF-41 along with BIIE0246 were evaluated by incubation with human, mouse, and rat liver microsomes (Table 3 ). The concentration of microsomal protein was normalized to 2 mg/ml from each species, and exogenous NADPH was added to initiate the reactions. BIIE0246 demonstrated the longest half-life of all compounds tested. Among the five compounds identified by HTS, SF-31 had the longest half-life in all species. The shortest half-life in rodent and human microsomes was observed with SF-21 and SF-22 with half-lives of approximately 1 min.
Plasma Protein Binding Experiments and Hepatic Clearance Calculations. An ultracentrifugation method was used for the evaluation of plasma protein binding plasma (Nakai et al., 2004) ; the fraction of compound unbound to plasma proteins was determined using LC-MS/MS. As noted in Table 3 , the fraction of compound unbound to plasma proteins was high except for SF-11. In addition, in vitro intrinsic hepatic clearance (Cl hepatic ) was calculated using methods similar to those described previously (Lipscomb and Poet, 2008) . Overall, BIIE0246 had the lowest hepatic clearance; the hepatic clearance of the five HTS-derived antagonists was high except for SF-11 and SF-31, in which it was less than 10 (Table 3 ). The hepatic extraction ratios (calculated as the percentage extracted per pass) for the five HTSderived compounds were also higher than those calculated for BIIE0246.
Blood-Brain Barrier Penetration Studies. To determine whether the five antagonists identified by HTS were brain-penetrant, each compound was injected intraperitoneally into adult mice at 10 mg/kg, and levels in the brain tissue and plasma were measured after 30 min. All five newly identified antagonists were highly brain-penetrant, with brain-to-plasma concentration ratios ranging between 36% (SF-21) and 115% (SF-41) (Table 4) . At 30 min, SF-11, SF-21, SF-22, and SF-31 had brain concentrations greater than their respective cell-based IC 50 values. High concentrations of BIIE0246 were detected in the plasma after intraperitoneal dosing, but the achieved brain levels were only 2% of plasma levels. All compounds seemed to be well tolerated, with the exception of SF-11, which caused significant lethargy in the mice.
Selectivity Profiling Using the NIMH Psychoactive Drug Screening Program. The selectivity of SF-11, SF-21, SF-22, SF-31, and SF-41 was further assessed by the NIMH PDSP, in which the compounds were screened for binding to receptors (n ϭ 35), ion channels (n ϭ 2), and transporters (n ϭ 3) typically found in the CNS (Fig. 5) . Initial screens were conducted in quadruplicate at a final concentration of 10 M as detailed previously (Armbruster et al., 2007) . For comparison, BIIE0246 was also tested; JNJ-5207787 could not be tested because of the lack of availability of this compound. In the initial screen, BIIE0246 had significant activity at 15 targets in the screening panel, whereas the Y2R antagonists discovered in this HTS effort were active at fewer targets. That is, significant radioligand displacement was observed with two targets for SF-11 (the 5-HT 2B serotonin receptor and the dopamine transporter), two targets for SF-21 (the 5-HT 2B receptor and the dopamine transporter), three targets for SF-22 (the 5-HT 2B and 5-HT 6 serotonin receptors, as well as the dopamine transporter), and three targets for SF-41 (5-HT 2C , 5-HT 6 , and the opioid receptor). Dose-response curves were generated where significant displacement was observed, and K i values were determined (Table 5 ). BIIE0246 was found to bind three members of the panel with high affinity (defined as K i Ͻ 1 M). In contrast, only one of the HTS-derived compounds, SF-22, demonstrated comparable potency, binding the 5-HT 2B receptor with a K i value of 250 nM. SF-31 did not significantly displace radioligand from any of the 40 members in the screening panel.
Discussion
In the Y2R screening campaign, all compounds tested in the Y2R cAMP biosensor primary assay were also counterscreened in the Y1R cAMP biosensor primary assay (Fig. 2) . We have found this approach useful for rapidly prioritizing selective and potent chemical probes (Madoux et al., 2008) . Because both the Y2R and Y1R assays used the same detection technology, the counterscreen was effective at removing nonspecific GPCR agonists and compounds that nonspecifically modulate GPCR signaling. For example, the G s -coupled adenosine receptor agonist 5Ј-N-ethylcarboxamidoadenosine (Baraldi et al., 2006 ) (PubChem SID 7975554) was found active in both the Y1R and Y2R primary screening campaigns. Likewise, the laxative bisacodyl (SID 855868), a known activator of adenylate cyclase (Ratnaike and Jones, 1998) , was removed from further consideration.
The elimination of compounds found active at the Y1R during each successive screening stage of the hit-to-lead process resulted in the rapid identification of five selective Y2R antagonists , with the most potent, SF-11, antagonizing the Y2R with an IC 50 value of 199 nM (Fig. 4A) . Although the five HTS antagonists were found to be Y2R-selective in the cAMP biosensor doseresponse assays, it was necessary to determine whether their efficacy was a result of displacement of agonist from the NPY receptor. Through the use of competitive binding studies, all five antagonists and BIIE0246 were shown to effectively block 125 I-PYY binding to the Y2R. Their rank-order potency was comparable with that found in the Y2R cAMP biosensor functional assay (Fig. 4 , A and C). It is interesting that BIIE0246 blocked 125 I-PYY binding with a K i of 0.02 nM, lending further support to the notion that it behaves as an insurmountable antagonist (Dautzenberg and Neysari, 2005) . Conversely, all five novel antagonists failed to block 125 I-PYY binding to the Y1R as high as 50 M, confirming functional assay results (Fig. 4D) . Mechanism of action for the five antagonists and for BIIE0246 was investigated via Schild analysis (Arunlakshana and Schild, 1959) (Supplementary Fig. 1 ). It has been reported that BIIE0246 effectively competes with agonist and functionally inhibits the Y2R (Dautzenberg and Neysari, 2005; Ziemek et al., 2006) . However, Schild analysis has not been reported for BIIE0246, and when performed in this study, it resulted in a steep slope (2.79 Ϯ 0.09). Because BIIE0246 is known to be an insurmountable antagonist when administered before Y2R agonists, this high slope suggests a more sophisticated mechanism of action for BIIE0246, such as a binding site for the antagonist that is different from the orthosteric (NPY) site. In contrast, Schild slopes for the five HTS compounds were close to unity. One compound, SF-21, resulted in a slope that is not statistically different from unity (0.98 Ϯ 0.05, P ϭ 0.62), suggesting that it behaves as a true competitive antagonist and binds to the orthosteric site. Although the slope of compound SF-22 is significantly different from unity (1.3 Ϯ 0.1, P Ͻ 0.0001), SF-21 and SF-22 are closely related, making it unlikely that they exhibit substantially different mechanisms of action. The three other antagonists exhibited Schild slopes that are close to unity but nonetheless are statistically different (namely 0.79 Ϯ 0.03 and P Ͻ 0.0001 for SF-11, 1.55 Ϯ 0.12 and P Ͻ 0.0001 for SF-31, and 1.23 Ϯ 0.08 and P ϭ 0.0001 for SF-41).
When assessed in silico, all five HTS antagonists exhibit several physical properties desirable for CNS probes. Compared with drugs that act in the periphery, brain-penetrant drugs tend to be more lipophilic and rigid, have fewer hydrogen bonds, fewer formal charges, and lower polar surface area (van de Waterbeemd et al., 1998; Mahar Doan et al., 2002) . Optimal molecular properties for brain penetration have been proposed (van de Waterbeemd et al., 1998) , namely that desirable compounds exhibit a logP between 1 and 4, molecular weight less than 450, and a polar surface area of less than 90 Å 2 . All five Y2R antagonists display molecular properties close to these optimums, with the exception of a higher computed logP value for all but SF-41 (Table 1) .
Microsome stability studies were conducted for all five HTS antagonists as a first step toward evaluating the suitability of these compounds for CNS applications in vivo. To estimate the ability of the liver to remove compounds from the blood in the absence of confounding factors, in vitro intrinsic hepatic clearances were calculated from the microsome and protein plasma binding studies (Lipscomb and Poet, 2008) . Studies in mouse, rat, and human microsomes (Table 3) showed that across all species, the antagonists exhibited moderate to low stability (in terms of T 1/2 ) compared with BIIE0246. Among the identified Y2R antagonists, SF-21, SF-22, and SF-41 were rapidly metabolized in microsomal incubations, and the predicted in vivo hepatic clearance is high. In contrast, SF-11 was rapidly metabolized by rat and mouse hepatic microsomes but was highly bound to plasma protein (when 1 M SF-11 was added to mouse plasma, only 30 nM compound was unbound to plasma proteins). High plasma protein binding would be expected to decrease compound diffusion into hepatocytes and thus decrease the rate of elimination. SF-31 was the most stable of the identified antagonists in mouse microsomal incubations and had moderate plasma protein binding. Both SF-11 and SF-31 had predicted hepatic clearance values lower than 10 and favorable hepatic extraction ratios. Because the Y2R is implicated in neurological and behavioral disorders, mouse blood-brain barrier penetration experiments were conducted on all five HTS compounds and BIIE0246. In consideration of the predicted high hepatic extraction ratio of three of the antagonists, all compounds were dosed by intraperitoneal injection at 10 mg/kg, and compound concentrations were evaluated in plasma and brain at 30 min. In general, intraperitoneal dosing allows the compound to be absorbed over time, and drug levels can be maintained over a short time period because metabolized compound is replenished by additional drug being absorbed from the intraperitoneal space. As the intraperitoneal reservoir is depleted and additional compound cannot be absorbed, drug concentrations can rapidly decrease. Therefore, the 30-min time point was chosen because of the rapid hepatic metabolism predicted from the microsomal studies; continued absorption of compound from the intraperitoneal space maintained a higher plasma concentration and facilitated the assessment of brain exposure. Brain penetration for all five HTS antagonists was high, signifying their potential for in vivo neurological studies. Brain concentrations determined for all five compounds (0.4 -4.5 M) are comparable with levels achieved by the small molecule JNJ-5207787 (C max of 2.6 M at 30 min) (Bonaventure et al., 2004) . Because of the potential for rapid hepatic metabolism, SF-21, SF-22, and SF-41 may not be suitable for rodent in vivo efficacy studies. Although a formal pharmacokinetic study was not conducted for the five compounds, plasma levels measured in the brain penetration experiment after intraperitoneal dosing in mice were consistent with the microsomal stability data.
The five antagonists identified by HTS were evaluated for their ability to displace radioligands from a panel of GPCRs (35), ion channels (2), and transporters (3) found in the CNS. Among these targets were dopamine, serotonin, muscarinic, histamine, adrenergic and opioid receptors (including subtypes), as well as dopamine, serotonin, and norepinephrine transporters, and rat (whole brain) GABA ion channels. BIIE0246, used as a control, displaced radioligand from 15 members of this panel at a test concentration of 10 M, whereas each of the other compounds tested were active at three or fewer panel members (Fig. 4) . In dose-response studies (Table 5) , BIIE0246 displaced radioligand from three receptors with submicromolar potency: the ␣1A adrenergic receptor (K i ϭ 360 Ϯ 31 nM) and the and opioid receptors (K i ϭ 323 Ϯ 31 and 948 Ϯ 183 nM, respectively). In contrast, SF-22 was the only HTS compound that displaced radioligand with appreciable potency (K i ϭ 255 Ϯ 26 nM for the serotonin 5-HT 2B receptor). In summary, the results from selectivity profiling against this CNS panel provide further evidence for these newly discovered compounds as more selective Y2R antagonists than the commonly used Y2R antagonist, BIIE0246.
In an effort to better understand the structural requirements for antagonism and to ascertain whether the four identified chemotypes may be amenable to optimization by medicinal chemistry, 16 close structural analogs were tested for dose-dependent antagonism of Y2R or Y1R. Although none of the analogs antagonized the Y2R as well as the five original HTS compounds, all analogs did exhibit some significant Y2R antagonism ( Table 2 ), demonstrating that structural modification of the different chemotypes is possible without total loss of activity at the Y2R. Off-target antagonism of the closely related Y1R was either insignificant or low. In terms of CC 50 values, all 21 compounds exhibited relatively low cytotoxicity after 72 h.
In summary, this report describes the use of cell-based HTS to discover selective Y2R antagonists from a screening library available through the auspices of the National Institutes of Health. The HTS compounds SF-11, SF-21, SF-22, SF-31, and SF-41 are small molecules that penetrate the brain and offer promising chemical probes for the studies of Y2R antagonism both in vitro and in vivo. These compounds are structurally distinct from all previously reported NPY receptor ligands, and Schild analysis reveals a marked difference in the mechanism of action between the peptidomimetic BIIE0246 and two of the five compounds. Furthermore, these compounds have improved brain permeability over BIIE0246 and are comparable with JNJ-5207787. The antagonists display an improved selectivity profile compared with BIIE0246 when tested against a panel of receptors, ion channels, and transporters found in the CNS. For these reasons, SF-11, SF-21, SF-22, SF-31, and SF-41 may prove to be valuable small-molecule probes for further studies into the biology of the Y2R in human diseases such as obesity, alcoholism, and psychiatric disorders. A continued medicinal chemistry effort is currently in progress to further optimize these compounds for CNS studies.
